Glutamate synthase, a key enzyme in ammonia assimilation, has been purified from the photosynthetic bacterium Rhodospirillum rubrum. The purification procedure involves ion-exchange chromatography, affinity chromatography and gel filtration. The recovery in the procedure is high (62 %) and the specific activity is 21 ,umol of NADPH oxidized/min per mg. The enzyme is specific for its substrates, and no activity was demonstrated with NADH or NH4 ions substituting for NADPH and glutamine respectively. The enzyme is composed of two dissimilar subunits with molecular masses of 53 and 152 kDa, and it is shown that Cl-ions have an effect on the aggregation of the enzyme. Km values for the substrates are: NADPH, 16,UM; 2-oxoglutarate, 10 UtM; and glutamine, 65,UM. The enzyme is inhibited by amidotransferase inhibitors at micromolar concentrations. The role of the enzyme in the metabolic regulation of nitrogenase is discussed.
INTRODUCTION
In nitrogen-fixing organisms, ammonia assimilation takes place via the reactions catalysed by glutamine synthetase and glutamate synthase, as suggested by Nagatani et al. 20 years ago [1] . Since then this assimilatory pathway has been demonstrated in a number of bacteria and the individual enzymes studied. Glutamine synthetase, especially from Escherichia coli, has been characterized in great detail and the elucidation of its regulation by the adenylylation cascade mechanism has given new insight into metabolic regulation [2] .
The other enzyme of the pathway, glutamate synthase, was discovered by Tempest and co-workers in Klebsiella aerogenes [3] . The enzyme from E. coli has been described in great detail, but it is not as well characterized as glutamine synthetase. The E. coli enzyme is an oligomeric iron-sulphur flavoprotein, composed of two different kinds of subunits with molecular masses of 53 kDa and 135 kDa respectively (reviewed in ref. [4] ). The protomer, composed of one of each subunit, contains one FAD and one FMN in addition to eight irons and eight acid-labile sulphur atoms [4] . Glutamate synthase from Azospirillum brasilense is the only enzyme isolated from a nitrogen-fixing organism that has been characterized in any detail [5, 6] . Its properties are very similar to those of the E. coli enzyme, although some significant dissimilarities in the amino acid composition and the N-terminal sequence of the smaller subunit have been reported [6] .
In nitrogen-fixing phototrophic purple bacteria the operation of glutamine synthetase and glutamate synthase has already been implied in the original report on this assimilatory pathway [1] and was further substantiated in studies by Brown & Herbert [7, 8] . Glutamine synthetase has been purified and characterized from Rhodospirillum rubrum [9] [10] [11] [12] , Rhodopseudomonas palustris [13, 14] , Rhodobacter capsulatus [15, 16] and Rhodobacter sphaeroides [17] . Enzymes from these organisms exhibit essentially the same properties as the E. coli enzyme, including the regulation through adenylylation. One possible exception is Rsp. rubrum in which the regulation seems to be more complex [11, 12, 18, 19] .
The second assimilatory enzyme, glutamate synthase, has attracted little attention. Its participation in nitrogen metabolism in phototrophs was confirmed in studies on glutamate synthesis in Rsp. rubrum [20] and a partial purification of the enzyme from this organism has also been reported [21] .
In Rsp. rubrum and a number of other phototrophs, in addition to the transcriptional control, nitrogenase is also regulated on the metabolic level (reviewed in ref. [22] ). This metabolic regulation is manifested as a decrease in nitrogenase activity on addition of NH4+ ions, glutamine, asparagine or oxygen or when cells are shifted to darkness [23, 24] . The effect, which has been termed 'switch-off' [25] , is due to the reversible inactivation of the Fe-protein (dinitrogenase reductase) of nitrogenase by ADPribosylation of a specific arginine residue [26] . One major question concerning this regulatory system is the identity of the signal between the 'switch-off' effectors and the two enzymes that catalyse the inactivation and the activation respectively. We have previously proposed that changes in the NAD+/NADH ratio are part of this signal [27] . Glutamate synthase has a central role in this model which can be explained as follows: when N141 ions are added as 'switch-off' effector, the flux through the glutamine synthetase-glutamate synthase reactions increases with the concomitant generation of NADP+, which is then re-reduced in the transhydrogenase reaction, thus increasing the concentration of oxidized NAD. NAD+ is the donor of the ADP-ribose moiety in the reaction leading to inactivation of the Fe-protein, and the enzyme catalysing this reaction has a surprisingly high Km for NAD+ (2 mM) in vitro [22] . In order to study glutamate synthase and its role in this regulation we have purified this enzyme from Rsp. rubrum and partially characterized it.
MATERIALS AND METHODS

Materials
DEAE-Sepharose FF, 2',5'-ADP-Sepharose 4B, Sephacryl S-300 HR and standards for gel filtration were purchased from Pharmacia-LKB. 2-Oxoglutarate, phenylmethanesulphonyl fluoride and NADPH were from Boehringer-Mannheim. 2-Mercaptoethanol, Mes, glutamine, FAD, FMN, 6-diazo-5-oxo-L-norleucine (DON) and azaserine were from Sigma. Rainbow standard proteins for SDS/PAGE were from Amersham, and all chemicals for polyacrylamide gels were from Bio-Rad. All other chemicals were of analytical grade available commercially.
trophically under an atmosphere of N,/C02 (19:1, v/v) [29] . The standard reaction mixture contained 50 mM-Tris/HCI, pH 7.5, 1 mM-EDTA, 5 mM-glutamine, 2.5 mM-2-oxoglutarate and 0.1 mM-NADPH in a total volume of 1.0 ml. Initial reaction rates were measured and I unit = 1 umol of NADPH oxidized/min, using 6340 = 6.22 x 103 M-l cm-' for NADPH.
Analytical methods SDS/PAGE was performed as described by Laemmli [30] [10.2 % (w/v) polyacrylamide/2.6 % (w/v) cross FAD and FMN were determined by analysis using h.p.l.c. as described by Light et al. [31] after boiling the samples for 7 min in the dark. Iron was determined using the method of Fish [32] . Protein content was determined by the method of Bradford [33] , using the Bio-Rad Protein Assay kit with BSA as standard.
RESULTS AND DISCUSSION
The results of a representative purification of glutamate synthase from Rsp. rubrum grown under nitrogen-fixing conditions are shown in Table 1 . The specific activity of the purified enzyme is about the same as that reported for the enzyme from A. brasilense (19.5 units/mg) [5] and somewhat lower than for the E. coli enzyme (26 units/mg) [29, 34] . The [29] reported that, when a crude (NH4)2SO4 precipitate of the E. coli enzyme was used, a more slowly migrating form was obtained in sedimentation analysis [29] . This determination was also performed in the presence of 0.1 M-KCI, but it is possible that the presence of sulphate counteracts the effect of Cl-. These authors also showed that, at high protein concentration, the enzyme to some extent also appeared as in a form with a molecular mass less than 800 kDa [29] . The A. brasilense enzyme behaves somewhat differently, in that gel filtration at high ionic strength (not specified in the report) leads to the formation of a 190 kDa form [6] . The enzyme from Bacillus licheniformis has been shown -not to aggregate under a number of different conditions tested, including vani- [5, 6, 21, 29, [35] [36] [37] 39, 40] . The enzyme from Thiobacillus thioparus has a higher value for glutamine (1.1 mM) [36] and that from B. licheniformis was shown to have two Km values for both 2-oxoglutarate and glutamine [37] . Preliminary studies with the purified Rsp. rubrum enzyme indicate that the kinetic constants are affected by Cl-as well as phosphate, albeit in different ways. The Km value for 2-oxoglutarate is, for example, increased almost 10-fold in the presence of 0.1 M-KCl. Phosphate on the other hand seems to decrease the Km value. Whether this bears any relevance to the situation in vivo or is related to the effect of Cl-on the molecular mass of the enzyme remains to be established.
Glutamate synthase has been reported to be very specific for its substrates, and this was verified for the Rsp. rubrum enzyme.
The activity with NH4+ ions (10 mM) instead of glutamine was less than 2 %, and no activity was obtained with NADH (0.1 mM) replacing NADPH. NADP+ has been shown to be competitive with NADPH, and we obtained 54 % inhibition with 1 mm. On the other hand, NADI had no effect.
Glutamate synthase from E. coli has been shown to be susceptible to inhibition by certain amino acids, which is consistent with its role in nitrogen metabolism [29] . Table 2 shows the effect of methionine, aspartate and glutamate on the purified Rsp. rubrum enzyme. The effect was negligible in the presence of 5 mM-glutamine but methionine and aspartate showed considerable inhibition at 0.25 mM-glutamine. Since these two amino acids are not effectors of glutamine synthetase [2] , their inhibitory effect on glutamate synthase makes ammonia assimilation even more sensitive to feedback regulation. Glutamate, which has been shown to be competitive with glutamine [40] , is less inhibitory. The low degree of inhibition allows a high rate in the glutamate synthase reaction even at high glutamate/glutamine ratios in the cell, which is in line with the suggestion by Kanemoto & Ludden [41] that the glutamine pool is more tightly regulated than the glutamate pool in Rsp. rubrum. The two glutamine analogues DON and azaserine are irreversible inhibitors ofglutamine-utilizing amidotransferases [42] and have been used in studies concerning the metabolic regulation of nitrogenase in Rsp. rubrum to determine the role of different nitrogen metabolites in the 'switch-off' effect [41, 43, 44] . However, in these studies it was not shown that the effects observed were due to inhibition of glutamate synthase, e.g. it was not demonstrated that the inhibitor, at the concentrations used, was in fact inhibiting glutamate synthase. We have investigated the effect of these inhibitors on purified glutamate synthase from Rsp. rubrum, and the results are shown in Fig. I and Table 3 . The results confirm that the effect of these inhibitors can be partially prevented by glutamine [42] , since the degree of inhibition with glutamine present during the 1 min preincubation of enzyme and inhibitor is lower than when glutamine is absent. It is clear that DON is the more potent inhibitor with an I50 of 10 UM in the absence of glutamine during preincubation and 35 #uM when glutamine is included. The corresponding values for azaserine are 50 and 215 /M. In the experiments shown in Fig. 1 , the inhibitor was added to the reaction mixture 1 min before the initiation of the reaction by addition of glutamine or 2-oxoglutarate. However, if the enzyme was preincubated for 10 min with the inhibitor present, before the start of the reaction, stronger inhibition was obtained as shown in Table 3 , confirming that DON and azaserine are irreversible inhibitors of glutamate synthase [42] . Our results show that these inhibitors can be valuable tools in studying the role of glutamate synthase in the metabolic regulation of nitrogenase in Rsp. rubrum, and the results in previous reports [41, 43, 44] show that the inhibitors are taken up by the cells. However, interpretation of effects obtained on whole cells with these inhibitors must also consider the possibility that the effects are due to inhibition of other amidotransferases, especially when long incubation times are used.
This investigation has shown that glutamate synthase from Rsp. rubrum can be easily purified in a stable form which will make further studies on the role of this enzyme in ammonia assimilation and in the metabolic regulation of nitrogenase Vol. 279 38 (12) 69 (25) possible. However, to understand its role in these processes, its co-ordination with glutamine synthetase must be considered. The specific activity of glutamate synthase in cell extracts as shown in Table 1 is about 5% of the activity of glutamine synthetase in comparable extracts [12] . Using the Km values of glutamate synthase from Rsp. rubrum, it can be assumed that the production of glutamine in the glutamine synthetase reaction will be regulating the rate of glutamate synthase. A more thorough evaluation will require more information about the absolute concentration of 2-oxoglutarate and glutamine in phototrophs, the possible effect of the physiological milieu on kinetic constants and the physical interaction between glutamine synthetase and glutamate synthase. However, it is quite conceivable that a rapid increase in glutamine concentration, imposed by using NH,+ ions or glutamine as 'switch-off' effector, would lead to a rapid increase in the NAD(P)+ concentration as a result of increased flux through the glutamate synthase reaction, giving this enzyme a central role in the metabolic regulation of nitrogenase.
